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VIBRATTON SURVEY OF BLADES IN 10-STAGE
AXTAT-FLOW COMPRESSCOR
I - STATIC INVESTIGATION
By André J. Meyer, Jr. and Howard F. Calvert

SUMMARY

An investigation was conducted to determine ths cause of
fallures in the seventh- and tenth-stage blades of an axial-flow
compressor. The natural frequenciles of all rotor blades were
measured and critical-speed diagrams were plotted. These data show
that the fallures were possibly caused by resonance of a first
berding-mode vibration excited by a fourth order of the rotor speed
in the seventh stage and a sixth order in the tenth stage.

1

INTRODUGTION

Several experimental jJet-propulsion engines were constructed
in which the six-stage axisl-flow compressor of the engine was
replaced with a ten-stage axial-flow compressor to lncrease thrust
output. The other componente of the engine were relatively unchanged.
During thrust-stand tests conducted by the mamufacturer, several
Plade failures occurred in early experimental 10-stage compressors.

The NACA Lewis laboratory conducted an investigatlon to
determine the cause and to find, if possible, a means of pre-
venting the blade fallures in this engine. The first part of the
investigation consisted in statlically measuring the natural fre-
quencies of each blade in the compressor and camparing these fre-
quenciles with possible excliting forces. First bending-, second
bending-, end first torsional-mode frequencies were measured in all
stages; seconl torsional- and third and fourth bending-mode fre-
quencies were determined only in the first stage. The node shapes
of higher modes of vibration were determined in an attempt to cor-
relate the position of high-stress points for the various modes
wlth the location of actual fallures.

NCLASSIFIED

"Tl i



2 NACA RM To. E8J22

APPARATUS AND PROCEDURE

The apparatus used to obtain the natural frequencles of the
compressor blades is shown in figure 1. The blades, made fram a
magnetic material, are susceptible to excitation by an electromag-
netic coll. Power for the coil used for this purpose was supplied

by amplifying an oscillator signal.

The coll was held near the end of the blade, verpendicular to
the blade surface, and at a distance sufficient to prevent the blade
from striking the core during resonance. The frequency of exclta-
tion was varied until high amplitudes were observed. The appearance
of a high amplitude indicated that resomance had been obtained, and
the natural frequency of the blade was then read directly from the
oscillator dilal. First bending-, second bending-, and first
torsional-mode frequencies were measured in all stages; second
torsional- and third and fourth bendilng-mode frequencies were deter-
mined only in the first stage. The total error involved in making
the frequency measurements was less than 2 percent.

Small granules of ordinary table malt were sprinkled on a
blade vibrating at one of its matural frequencies to outline the
sand pettern of the nodes (fig. 2). A violin bow and the megnetic
coll were used to excite the blades in obtaining the node patterns.

DISCUSSION AND RESULTS

According to the englne mmnufacturer, blade fallures had
occurred in slx different engines operating within the speed range
of 16,000 to 17,000 rpm at high pressure ratios. The exact speeds
of the varlous engines at the time of failure are unknown except
in one case Iin which the engine wes running at 16,600 rpm. In each
case only one blade broke and the fracture always occurred in either
the meventh or tenth stage of the compressor. The fractures occurred
3/16 to 1/4 inch from the periphery of the rotor disk; fatigue had
started at the point of maximm thickness on the convex side of the
blade.

Blade failure in only the seventh and tenth stages of the com-
rressors definitely indicates that the fallures are caused by vibra-
tory stresses inasmuch as all the blades of the sixth, seventh, and
elghth stages are the same in shape and size except for the amount
trimmed from the end of the blade. The ninth~ and tenth-stage blades
are also similar to each other except in length. The engines were
operated at the rated speed of 17,000 rym, approximately 400 rpm above
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the speed at which the blades failed; hence, the failures cemnot be
attributed to stress rupture caused by centrifugal force.

Ketural-Frequency Measurements

Because all the fallures occurred within the narrow speed range
of 16,000 to 17,000 rpm, the blades were posslibly exclted at their
resonant point. The fundemental natural frequency was therefore
measured for each blade; these data as well as the highest, lowest,
and average frequenciles observed in each stage are listed in table I.
A 20-percent variation in blade frequencles existed 1n any single
stage; if the rotor spins at rated speed, the frequencles of all
blades might approach the highest fregquency in the stage because the
centrifugal force and the thermal expansion ralse the frequency by
tightening the bulbous blade root. The centrifugal force also has
a stiffening effect on the blades, which increases the frequency
from 72 percent in the Ffirst stage to 16 percent In the tenth stage
above the static measurements. Several blades in the ninth and
tenth stages wore loose but would act like firmly clamped blades
when the compressor was in operation.

Second bending- and flrst torsional-mode vibrations were easily
excited in a1l stages; thelr frequencies were measured and are recorded
in table IT. Only in the eighth stage was the frequency of the second
bending mode higher then the frequency of the first torsional mode.

o reason for thls exception was determined.

Rode Locations

The location of fallure and the starting polnt of fatigue made
it necessary to know the stress patterns for all modes of vibration
in order to determine the modes that could cause the fallure. High-
stress polnts are located at posltions of greatest change in slope of
the deflection curve for the vibrating blade; the greatest slope
changes generally occur at the antinocde points. In addition to the
antinode at the tip of the blades, the other antinodes are located
approximately midway between nodes. The high-stress polnts were
estimated from sand petterns shown in figures 2 to 8. All of the
nodes, except the one at the root and the one closest to the tip of
the blade, are polints of zero stress. Application of this analysis
to the sand pattern shown in flgure 4, for example, indicates that a
high-stress point would be located (1) at the root, (2) about two-
thirds the distance from the root to the nearest node because the
root is fixed, not hinged, and (3) at some point between the node
nearest the root and the tip of the blade. Iow stresses occur at a
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position ebout one-third the distance from the root to the nearest

node for the third bending-mode vibration photographed. This

position is approximately the location of failure in the seventh

and tenth stages when distances are proportioned according to total
blade length. Consequently, in bending vibration only the first or
second modes could cause the fallures. In the torsional modes of
vibration (figs. 3 and 5), the maximm-stress aress indicated by the
node position are located at the leading and tralling edges near the
blade root. Theoretically, the maximm stress for an airfoill-shaped
bar 1s along the meximmm blade thickness provided that the ends are
permitted Yo warp at will. When the blade 1s rigldly restrained,
however, the maximm-stress regions originate at the leading and trail-
ing edges near the root and shift toward the center of the chord farther
along the length of the blade. This conclusion was verified by date
obtained from mumerous resistence-wire strain gages cemented near a
blade root in three directions of orientation, and by fatigue failing
several blade specimsns in torsion with a pneumatic vibrator. Torsional
modes can therefore be dilsregarded because torsion would result in
fatigue starting at the leading and tralling edges rather than at the
maximm blade thickness. The node shepes 6n the blades of the seventh
and ninth stages are distorted and the torsional modes therefore must
be considered (fig. 8). The significance of the torsional modes might
be more accurately evaluated from strain-gage data taken during engine
operatlion.

Critical-Speed Diagrams

The natural frequencies existing in each of the 10 stages of
the compressor rotor, plotted on semilogarithmic grid to emphasize
the more easlly exclted modes of vibration, are shown in the critical-
speed dlagrams of figure 9. The highest first bending-mode frequency
corrected for the effect of centrifugal force is used for all dlagrems.
The exciting forces caused by wakes from the front-bearing-support
arms and the stator blades and the effect of the split compressor cage
are shown plotted against rotor speed. The intersections of the curves
of the natural frequencles and of those of the exciting-force frequen-
cles indlicate the critical speeds at which blade vibration resonance
can be expected. Intersections below 14,000 rpm are ignored because
extended operation of the engine 1s accomplished only at high speeds
and the low speeds are quickly passed when gtarting the engine.

A critical speed of 14,400 rpm is indicated on figure 9(a) at a
third bending-mode vibration excited in the first-stage rotor blades
by the 22 stator blades immediately following. High modes of vibration
such as the third bending mode are difficult to excite and are there-

fore probably not serious. This critical speed 1s the only one readily

apparent in the compressor.
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Within the operating range of the engine, the excltlng force
required to cause a resonant vibration in the seventh-stage bladss
in the first bending mode ls approximately the fourth order of the
rotor speed (fig. 9(g)). The only fourth-order exciting Fforce
obviously present in the compressor is caused by the four arms
supporting the front main bearing but it is doubtful that the effect
of the ayms would carry through as far as the seventh stage. In
the tenth stage, the resonant point of flrst bending-mode vibrations
at 16,800 rpm colncides exactly with a sixth-order excitation
(fig. 9(J)). The blades are possibly being mechanically or aero-
dynamically exclted but no excliing force of these orders could be
determined. All the fallures reported occurred in complete snglnes
and, although a compressor has been operated at varlous speeds up
to 17,000 rpm in an NACA test cell for more than 450 hours, no
fallures have cccurred. Some coupling effect might possibly take
place between the turbine or the accessories arnd the compressor
during complete engine operation. Operation at high pressure ratlos
mey also produce the alr-flow velocltles and pressure conditions
necessary to excite blade flutter.

SUMMARY OF RESULTS

Results of an investigetion to determine the reason for fallure
of blades of the seventh and tenth compressor stages in the 1l0-stage
axlal-flow compressor at a speed of 16,6500 rpm indicated a possiblllty
of exclting flrst bending-mode vibrations in the seventh-stage blades
by a fourth~order exciitatlion of the rotative speed. The tenth-gtage
blades were possibly exclited in the first bending mode by a sixth-order
excitatlion.

Another possible source of exclitation was the existence of an
aerodynemic condlilon causing a flubtter form of blade vibration.

lewls Flight Propulsion Isboratory,
Retional Advisory Committee for Aeronsutics,
Cleveland., Chio.
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FUNDAMENTAL NATURAL FREQUENCIES OF BLADES ON COMFRESSOR ROTOR
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Highest | 416 514 570 &30 764 826 980 1146 1380 1510
Lowest 352 422 466 556 650 718 856 864 8976 1200
Average 388 481 511 588 7ig 793 913 1068 1146 2384 |
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TAELE II - NATURAL FREQUENCIES OF VARIOUS
MODES OF ELADE VIEBRATION

Natural frequencles

(eps)

Stage Blade Vibratlon mode

: First Second First
bending| bending torsionsal

1 7 394 1940 2820
2 7 486 2520 3000
3 8 514 2640 3240
4 8 626 3380 3660
5 8 750 3780 3900
6 10 778 3920 4340
7 10 900 4440 4780
8 10 1120 5660 5180
g 18 1154 5420 6160
10 18 1220 5000 6920
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Figure l. - Flectromagnetic coll, amplifier, and osclllator used to determine matural
Irequencies of campressor blades.
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Figars 5. - Band patterm for first torsiobal-mode vibration on firat-atags blade, Frequanocy of vibration, 2820 oycles per
second.,
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Figme 5, - fand patiern for second torslonel-mode vibratlion an firet-stage blade. Frequanoy of vibxetlcn, 6840 oyoles par

"ON WY VOVN

ezre3d

Ll






"ON WY YIVN

zers3

14381
27.48

C-
2.

Flgure 6. = Sand pattern for fourth bending-mode vitretiom on firsh-stage blads. TFrequemoy of vibratlon, 9800 cyoles per
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C-14930
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Flgure 7. - Sand pattern for sesond bending-mode vibration on seventh~stage blade ghowing distorbted nods shaps, Irequenoy
of vibration, 4440 oycles par aecond,
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Figure 8, ~ Sand pattern for first toreiomal-mode vibrabtlon on ninth-stage blade showing distorted node shape, Frequency of

vibration, 6160 cyoles pexr mecond, ]
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Figure 9. - Continued. Critical-speed dlagrams for 10 atages of
compressor rotor.
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Figure 9. - Continued. Critical-speed diagrams for 10 stages of
compressor rotor.
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Figure 9. - Continmued. Critical-speed dlagrems for 10 stages of
compressgor rotor.
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Flgure 9. - Continued. Critical-speed diagrams for 10 stages of
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Figure 9. - Continued. Critlical-speed dlagrams for 10 stages of
compressor rotor.
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